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1.  Introduction 


Carbon  nano-tubes  were  discovered  in  1991  and  since  then  different  techniques  to  produce 
them  have  been  studied.  One  of  the  possibilities  is  to  obtain  carbon  nano/micro-tubes  by 
electrochemical  synthesis  from  molten  salts  using  graphite  cathode  and  a  salt  from  which  an 
alkali  or  alkaline  earth  metal  can  be  deposited  onto  the  surface  of  the  cathode.  According  to  our 
present  understanding,  the  deposited  alkali  (Li,  Na)  or  alkaline  earth  (Mg,  Ca)  atoms  intercalate 
into  the  space  between  the  graphite  planes  causing  mechanical  stress,  and  part  of  the  depleting 
graphite  planes  appear  to  be  in  the  form  of  carbon  tubes.  The  typical  diameter  of  those  tubes 
ranges  from  2  nanometers  to  20  micrometers  with  a  length  being  much  larger  than  the  actual 
diameter. 

Our  work  for  the  duration  of  this  project  was  twofold: 

i.  we  carried  out  a  series  of  cyclic  voltammetry  experiments  in  order  to  gain  some  basic 
understanding  of  the  mechanism  of  nano-tube  formation,  or  at  least  of  its  presumed  first 
step:  intercalation  of  deposited  alkali/alkaline  earth  metals  into  graphite; 

ii.  we  carried  out  a  series  of  electrolysis  experiments  with  the  aim  to  produce  carbon  nano¬ 
tubes  and  micro-tubes,  and  analyzed  the  product  by  SEM  (Scanning  Electron 
Microscopy)  and  AFM  (Atomic  Force  Microscopy). 

According  to  the  above,  this  report  will  have  two  chapters. 


Chapter  1.  The  results  of  cyclic  voltammetry  experiments 

According  to  our  preliminary  studies,  LiCl,  NaCl,  MgCU  and  CaCh  seem  to  be  suitable 
molten  salts  for  nano-tube  synthesis.  The  reason  for  that  is  that  electrolyzing  these  salts  (or  their 
mixtures),  Li,  Na,  Mg  or  Ca  atoms  can  be  deposited  on  a  graphite  cathode,  and  they  are  all 
capable  to  intercalate  in  between  the  graphite  planes.  The  goal  of  this  sub-project  is  to  gain  some 
understanding  of  the  mechanism  of  intercalation  and  thus  nano-tube  formation.  In  order  to 
‘catch’  the  electrochemical  signature  of  the  intercalation  process,  we  have  performed  the 
comparative  electrochemical  analysis  of  the  NaCl  (sodium  chloride)  and  LiCl  (lithium  chloride) 
melts  using  method  of  cyclic  voltammetry  on  the  following  three  working  electrodes: 

i.  Mo  (molybdenum),  having  practically  zero  mutual  solubility  and  no  compound  formation 
tendency  with  Na  (or  with  NaCl),  and  thus  serving  as  a  ‘reference’  inert  electrode; 

ii.  GC  (glassy  carbon),  providing  carbon  sites  for  the  deposited  sodium  and  lithium,  but  not 
allowing  intercalation  of  Na  (Li)  into  its  bulk  -  thus,  the  glassy  carbon  electrode  can  be 
considered  as  an  ‘intermediate  reference’  electrode  between  molybdenum  and  graphite 
electrodes; 

iii.  ’  graphite  working  electrode,  being  the  target  material  of  our  investigation. 

Working  with  molten  lithium  chloride,  it  was  found  that  molybdenum  being  in  the  melt 
undergoes  corrosion,  which  is  probably  due  to  the  traces  of  water  present  in  the  melt 
(unfortunately,  it  is  very  hard  do  remove  water  entirely  from  LiCl).  So  we  decided  to  use  steel 
instead  of  molybdenum  for  the  investigation  of  molten  LiCl. 

In  our  previous  report  we  have  stated  that  voltammetry  experiments  will  be  performed  for  the 
MgCb  and  CaCh  systems.  However,  we  were  unable  to  obtain  reliable  results  for  the 
magnesium  chloride  melt.  Magnesium  chloride  as  well  as  lithium  chloride  is  known  to  be 
hygroscopic,  forming  the  MgCl2»6H20  crystalline  hydrate.  The  latter  is  decomposed  when 
heated  according  to  the  following  reaction: 

MgCl2.6H20  MgO  -I-  2HC1 1  +  5H2O  t 

Despite  all  precautions  taken  when  preparing  the  salt  for  the  experiment,  this  was  probably  the 
case.  The  crystalline  hydrate  decomposed  releasing  hydrogen  chloride  and  water  that  caused 


very  intensive  corrosion  of  the  reactor  material.  Due  to  this,  the  electrolyte  (that  is,  molten 
MgCb)  became  so  badly  contaminated  by  the  corrosion  products  that  it  was  impossible  to  obtain 
reliable  voltammetric  curves.  For  this  reason  the  results  on  the  magnesium  chloride  melt  are  not 
presented  here.  The  voltammetry  investigation  of  the  calcium  chloride  melt  is  in  progress. 


l.L  Experimental 

Cyclic  voltammetry  experiments  were  performed  using  a  three-electrode  electrochemical  cell. 
To  take  voltammograms  in  the  sodium  chloride  melt,  a  molybdenum  wire  (0.9  mm  diameter, 
0.29  cm^  of  active  surface),  glassy  carbon  rod  (1.8  mm  in  diameter,  0.20  cm^  of  active  surface) 
and  graphite  rod  (3  mm  in  diameter,  0.47  cm^  of  active  surface)  were  used  as  the  working 
electrode  (WE)  in  different  experiments.  The  reference  electrode  was  a  molybdenum  wire  (0.9 
mm  in  diameter). 

We  applied  a  steel  wire  (1.8  mm  in  diameter,  0.41  cm^  of  active  surface)  as  the  working  and  a 
glassy  carbon  rod  (2.6  mm  in  diameter)  as  the  reference  electrode  to  take  voltammograms  in 
molten  lithium  chloride.  The  glassy  carbon  reference  electrode  was  used  in  all  experiments  of  the 
series. 

A  glassy  carbon  crucible  was  used  as  container  for  the  electrolyte  and  also  as  the  auxiliary 
electrode.  The  electrochemical  experiments  were  carried  out  in  a  water-cooled  nickel  super-alloy 
reactor,  placed  inside  a  vertical  tube  furnace. 

The  temperature  of  experiment  was  850®C  and  700°C  for  sodium  chloride  and  lithium 
chloride  respectively.  50  cm^  of  salt  (calculated  for  the  respective  working  temperature)  was 
placed  in  the  glassy  carbon  crucible  and  flushed  with  dry  Ar  at  room  temperature.  The  salt  was 
prepared  by  slow  heating  up  to  120°C  in  vacuum  and  held  at  these  conditions  for  around  40  h. 
After  that  the  salt  has  been  slowly  heated  up  to  300°C,  flushed  with  dry  Ar,  vacuumed  and  held 
at  this  temperature  for  Ih. 

It  is  known  that  lithium  chloride  is  able  to  attract  and  retain  water  even  at  high  temperatures, 
so  to  remove  as  much  water  fi-om  it  as  possible,  the  salt  was  heated  up  to  500°C  in  vacuum  and 
kept  at  this  temperature  for  an  hour.  During  this  period,  the  system  was  flushed  several  times 
with  argon  to  ensure  the  water  removal.  The  same  procedure  was  repeated  at  600°C. 

Then,  the  salt  was  heated  up  to  the  working  temperature  of  850°C  (700°C  for  LiCl)  in  dry  Ar, 
and  held  at  this  temperature  over  1  h  before  starting  the  measurements.  The  electrochemical 
measurements  were  conducted  by  a  computer-controlled  potentiostat  VoltaLab  PGZ  301. 

As  alkali  metals  are  known  to  dissolve  in  their  molten  chlorides,  special  care  was  taken  to 
obtain  reproducible  and  comparable  results  on  all  electrodes.  As  approximately  100 
voltammetric  curves  were  recorded  in  each  experiment,  the  sequence  of  these  curves  was  kept 
identical,  and  designed  in  a  way  to  ensure  that  the  electrolyte  becomes  saturated  with  the  alkali 
metal  as  late  as  possible.  Therefore,  fast  measurements  with  relatively  positive  break  potential 
were  conducted  first,  depositing  a  small  amount  of  sodium  (lithium).  Curves  were  recorded  in 
the  following  sequence: 

i.  according  to  the  polarization  rate:  20,  10,  3,  1,  0.3,  0.1,  0.03,  0.01  V/s  (20  V/s  is  the 
maximum  polarization  rate  allowed  by  the  potentiostat); 

ii.  according  to  the  break  potential:  for  sodium  chloride  (reference  electrode  -  Mo):  0,  -0.2,  - 
0.5,  -0.75,  -1.0,  -1.25,  -1.5,  -1.6,  -1.7,  -1.8,  -1.9  and  -2.0  V;  for  lithium  chloride 
(reference  electrode  -  glassy  carbon):  -0.5,  -0.75,  -1.0,  -1.25,  -1.5,  -1.6,  -1.7,  -1.8,  -1.9,  - 
2.0, -2.1, -2.2  and -2.3  V. 

Each  cyclic  voltammogram  was  started  at  +0.2  V  (-0.4  V  for  LiCl),  conducted  to  the  break 
potential  and  reversed  to  the  initial  potential.  Depending  on  the  rate  of  polarization  and  on  the 
working  electrode  used,  some  of  the  voltamograms  could  not  be  fully  recorded,  as  the  current 
overload  occurred  (the  value  of  current  exceeded  the  limit  of  1  A  allowed  by  the  potentiostat). 


After  each  voltammogram  a  chronoamperogram  was  recorded,  i.e.  the  current  was  measured 
as  a  function  of  time  for  1-5  minutes  until  the  remaining  current  became  stable  and  low. 


1.2.  Experimental  results 

1.2.1.  Results  obtained  for  sodium  chloride 

Some  characteristic  voltammograms  recorded  at  polarization  rates  of  10  V/s,  1  V/s  and  0.1 
V/s  on  the  3  working  electrodes  at  a  break  potential  of -1.5  V  are  presented  in  Figures  1-9.  For 
the  first  look  at  the  voltammograms,  it  is  obvious  that  the  anodic  charge  transfer  is  much  less 
than  the  cathodic  charge  transfer.  In  other  words,  part  of  the  deposited  metal  is  not  oxidized  back 
in  the  same  amount  in  the  anodic  cycle.  This  can  be  due  to  the  escape  of  metallic  sodium  from 
the  cathode  surface  due  to  its  diffusion  to  the  bulk  of  the  electrolyte  or  to  the  bulk  of  the  cathode, 
i.e.  due  to  its  intercalation  into  graphite.  As  the  latter  is  the  process  to  be  studied  by  us,  this 
deviation  was  studied  in  details. 

The  “loop”  in  Fig.  3  (the  current  after  potential  reversal  and  until  approximately  -1.3  V  has 
more  negative  values  than  before  potential  reversal)  may  be  due  to  the  formation  of  a  new  phase 
(that  is,  sodium  metal).  This  assumption  is  supported  by  quite  a  high  value  of  the  quantity  of 
electricity  (2.934  Coulomb)  passed  through  the  system  when  taking  the  curve. 

The  loops  in  Figs.  4  and  7  can  be  explained  in  the  following  way.  At  high  polarization  rates  (1 
V/s  and  higher)  the  system  cannot  follow  the  changes  in  the  working  electrode  potential,  which 
means  that  sodium  ions  cannot  momentarily  change  the  movement  direction  when  the 
polarization  is  reversed.  So  for  some  time  after  the  polarization  is  reversed  we  have  increasing 
by  absolute  value  flux  of  sodium  ions,  which  causes  the  loop  to  appear.  And  the  higher  the 
polarization  rate  and  negative  break  potential  are  the  more  pronounced  this  effect  is. 

The  “wavy”  appearance  of  the  curve  in  Fig.  9  may  be  due  to  changes  in  the  surface  state  of 
the  working  electrode  because  this  curve  was  taken  in  the  middle  of  the  experiment  and 
significant  amounts  of  sodium  might  have  adsorbed/desorbed  on  the  electrode  surface  or, 
intercalated  into  the  graphite  lattice. 


current  density. 


Fig.  1.  Cyclic  voltammogram  recorded  on  a  Mo  electrode  at  a  break  potential  of -1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  10  V/s,  pure  NaCl  at  850®C. 


current  density. 


Fig.  2.  Cyclic  voltammogram  recorded  on  a  Mo  electrode  at  a  break  potential  of -1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  1  V/s,  pure  NaCl  at  850“C. 


current  densily. 


Fig.  3.  Cyclic  voltammogram  recorded  on  a  Mo  electrode  at  a  break  potential  of -1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -0.1  V/s,  pure  NaCl  at  SSO^C. 


current  densily. 


Fig.  4.  Cyclic  voltammogram  recorded  on  a  GC  electrode  at  a  break  potential  of -1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  10  V/s,  pure  NaCl  at  850“C. 


current  density. 


Fig.  5.  Cyclic  voltammogram  recorded  on  a  GC  electrode  at  a  break  potential  of -1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  1  V/s,  pure  NaCl  at  850"C. 


current  density. 


Fig.  6.  Cyclic  voltammogram  recorded  on  a  GC  electrode  at  a  break  potential  of -1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  0.1  V/s,  pure  NaCl  at  850”C. 


current  density. 


Fig.  7.  Cyclic  voltammogram  recorded  on  a  graphite  electrode  at  a  break  potential  of-1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  10  V/s,  pure  NaCl  at  850®C. 


current  density. 


Fig.  8.  Cyclic  voltammogram  recorded  on  a  graphite  electrode  at  a  break  potential  of-1.5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  1  V/s,  pure  NaCl  at  850‘’C. 


current  density. 


Fig.  9.  Cyclic  voltammogram  recorded  on  a  graphite  electrode  at  a  break  potential  of -1 .5  V 
(Reference  electrode  -  Mo).  Polarization  rate  -  0.1  V/s,  pure  NaCl  at  850”C. 


1.2.2.  Results  obtained for  lithium  chloride 

Some  characteristic  voltammograms  recorded  in  the  lithium  chloride  melt  at  polarization  rates 
of  1  V/s  and  0.1  V/s  at  a  break  potential  of  -2.2  V  on  the  steel  arid  at  10  V/s,  1  V/s  and  0.1  V/s 
on  the  glassy  carbon  and  graphite  working  electrodes  at  a  break  potential  of -1.6  V  are  presented 
in  Figures  10-17.  As  can  be  seen  from  Figs.  10  and  1 1,  the  reduction  process  of  lithium  ions  on 
steel,  which  is  inert  towards  lithium  metal,  takes  place  at  -1.8-2. 1  V  versus  the  potential  of  the 
glassy  carbon  reference  electrode.  One  can  find  that  there  is  no  such  drastic  difference  between 
the  cathodic  and  anodic  charge  transfers  as  it  was  in  the  case  of  the  sodium  chloride  melt. 
However,  the  voltammograms  taken  on  the  glassy  carbon  and  graphite  electrodes  (Figs.  12-17) 
differ  principally  from  those  obtained  using  the  steel  electrode.  One  can  see  that  the  cathodic 
current  starts  to  rise  as  soon  as  we  begin  polarization  of  the  electrode,  and  it  is  practically 
impossible  to  say  when  lithium  reduction  with  the  formation  of  metallic  lithium  phase  on  the 
electrode  surface  actually  begins.  The  ratio  between  the  cathodic  and  anodic  charge  transfers  (or 
more  precisely  between  the  areas  under  the  cathodic  and  anodic  parts  of  voltammograms)  varies 
depending  on  the  polarization  rate.  At  a  polarization  rate  of  10  V/s  the  area  under  the  cathodic 
parts  of  voltammograms  is  significantly  larger  than  under  the  anodic  parts.  But  at  lower 
polarization  rates  this  difference  is  not  so  big.  The  reason  for  the  “wavy”  appearance  of  the  curve 
in  Fig.  17  is  probably  the  same  as  it  was  in  the  case  of  the  sodium  chloride  melt:  the 
voltammogram  was  taken  in  the  middle  of  the  experiment  and  quite  a  large  amount  of  lithium 
might  have  adsorbed/desorbed  on  the  electrode  surface  or  intercalated  into  the  graphite.  In  other 
words,  the  surface  state  of  the  electrode  might  have  changed  by  the  time  the  curve  was  taken. 


current  density. 


Fig.  10.  Cyclic  voltammogram  recorded  on  a  steel  electrode  at  a  break  potential  of -2.2  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  - 1 .0  V/s,  pure  LiCl  at  700®C. 


current  density. 


Fig.  11.  Cyclic  voltammogram  recorded  on  a  steel  electrode  at  a  break  potential  of  -2.2  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  -  0.1  V/s,  pure  LiCl  at  TOO^C. 


current  density, 


Fig.  12.  Cyclic  voltammogram  recorded  on  a  GC  electrode  at  a  break  potential  of-1 .6  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  -  10  V/s,  pure  LiCl  at  700“C. 


current  density, 


Fig.  13.  Cyclic  voltammogram  recorded  on  a  GC  electrode  at  a  break  potential  of-1 .6  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  -  1  V/s,  pure  LiCl  at  700®C. 


current  density, 


Fig.  14.  Cyclic  voltammogram  recorded  on  a  GC  electrode  at  a  break  potential  of-1.6  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  -  0.1  V/s,  pure  LiCl  at  700"C. 


current  density, 


Fig.  15.  Cyclic  voltammogram  recorded  on  a  graphite  electrode  at  a  break  potential  of -1.6  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  -  10  V/s,  pure  LiCl  at  700°C. 


current  density, 


Fig.  16.  Cyclic  voltammogram  recorded  on  a  graphite  electrode  at  a  break  potential  of -1.6  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  -  1  V/s,  pure  LiCl  at  700°C. 


current  density, 


Fig.  17.  Cyclic  voltammogram  recorded  on  a  graphite  electrode  at  a  break  potential  of  -1.6  V 
(Reference  electrode  -  glassy  carbon).  Polarization  rate  -  0.1  V/s,  pure  LiCl  at  700°C. 


1.3.  Discussion 


The  reversibility  of  alkali  metal  deposition/dissolution  in  a  thermodynamic  sense  is  evaluated 
by  us  on  a  100  %  scale  by  comparing  the  areas  under  the  anodic  and  cathodic  waves  according  to 
the  following  equation: 


Rev  =  50 


^  A  ^ 
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V  “^cathod  J 


,% 


(1) 


where  Aanod  and  Acathod  are  areas  measured  under  the  anodic  and  cathodic  waves  of  a 
voltammogram  (the  area  is  negative  in  the  cathodic  part  of  the  current  and  positive  in  the  anodic 
part  of  the  current). 

The  physical  sense  of  Eq.(l)  is  clear  from  considering  the  following  simple  cases: 

i.  when  the  cathodic  and  anodic  waves  are  identical,  i.e.  Acathod  =  Aanod,  none  of  the 
deposited  metal  was  oxidized  back,  then  Rev  =  0,  meaning  that  the  process  is  fully 
irreversible  and  that  all  the  deposited  metal  is  ‘lost’; 

ii.  when  the  total  integral  under  the  anodic  wave  is  zero  (i.e.  half  of  it  is  in  the  cathodic, 
while  half  of  it  is  in  the  anodic  current  interval).  Rev  =  50  %,  meaning  that  half  of  the 
deposited  metal  is  ‘lost’; 

ili.  when  the  anodic  wave  fully  compensates  the  cathodic  wave,  i.e.  Acathod  =  -Aanod,  Rev  = 
100  %,  the  process  is  fully  reversible,  meaning  that  all  the  deposited  metal  is  oxidized 
back,  i.e.  there  is  no  metal  ‘loss’  at  all. 

In  Fig-s  18-20,  the  reversibility  parameter  Rev  is  shown  based  on  the  computer  analysis  of  all 
the  curves  measured  in  the  sodium  chloride  melt.  From  Fig-s  18-20  one  can  make  the  following 
conclusions: 

i.  for  the  Mo  working  electrode  the  Rev  -  log  v  curves  have  an  S-shape  form.  The  majority 
of  curves  tend  to  about  Rev  =  50  %  at  v  >  1  V/s  and  to  about  Rev  =  0  %  at  v  <  0.1  V/s. 
This  behavior  can  be  explained  by  the  fast  diffusion  of  deposited  Na  into  bulk  NaCl. 
When  the  polarization  rate  is  very  slow,  almost  100  %  of  Na  is  able  to  escape  from  the 
electrode  surface,  and  almost  none  of  the  deposited  Na  is  oxidized  back  in  the  anodic 
cycle.  However,  when  the  rate  of  polarization  is  large,  only  the  part  of  sodium  deposited 
in  the  cathodic  cycle  is  ‘lost’  by  diffusion,  and  the  part  of  sodium  deposited  in  the 
beginning  of  the  anodic  cycle  is  actually  oxidized  back  in  the  end  of  the  anodic  cycle. 

ii.  for  the  GC  working  electrode  the  Rev  values  have  approximately  the  same  50  %,  or  a  bit 
higher  (60  %)  value  at  the  largest  rate  of  polarization  (20  V/s).  However,  with  decreasing 
the  polarization  rate,  higher  and  higher  portions  of  deposited  Na  are  oxidized  back,  i.e. 
smaller  and  smaller  amounts  of  Na  are  lost  into  bulk  NaCl  by  diffusion.  It  is  probably  due 
to  the  adsorption  ability  of  Na  to  carbon  sites.  In  other  words,  some  kind  of  a  surface 
NaCx  compound  is  stable.  However,  the  rate  of  adsorption  is  lower  than  the  rate  of 
diffusion  into  bulk  NaCl;  that  is  why  the  stabilization  of  deposited  Na  is  enhanced  at 
lower  rates  of  polarization.  This  enhanced  stabilization  is  clearer  from  Fig.  21,  being  the 
difference  of  Fig-s  19  and  18. 

iii.  for  the  graphite  working  electrode  the  Rev  values  have  approximately  the  same 
(somewhat  larger)  values  at  the  largest  rate  of  polarization  of  20  V/s,  compared  to  the  GC 
working  electrode.  Then,  at  about  3  V/s,  the  Rev  parameter  has  a  maximum  value.  At  this 
point  the  Rev  parameter  on  the  graphite  electrode  is  significantly  larger  than  on  the  GC 
electrode.  In  other  words,  the  graphite  surface  has  a  higher  stabilizing  ability  for  Na 
atoms,  compared  to  the  GC  surface.  It  is  probably  due  to  the  higher  roughness,  i.e.  higher 
specific  surface  area  of  the  graphite  compared  to  the  GC,  ensuring  adsorption  of  the 
higher  amount  of  Na  atoms.  However,  with  decreasing  the  polarization  rate,  the  Rev 


parameter  on  the  graphite  electrode  sharply  decreases  towards  0  %,  in  contrary  to  what 
was  observed  for  the  glassy  carbon  electrode.  This  is  obviously  due  to  the  diffusion  of  Na 
atoms  into  the  graphite  phase,  and  to  the  stabilization  of  Na  atoms  inside  graphite  by  the 
formation  of  a  stable  intercalation  compound.  This  feature  is  better  seen  from  Fig.  22, 
being  the  difference  of  Fig-s  20  and  19. 

Our  statements  about  adsorption  and  intercalation  are  supported  by  the  shape  and 
characteristics  of  the  voltammograms  shown.  In  Fig.  1  through  9  a  tendency  to  broadening  of  the 
anodic  peak  as  well  as  its  shifting  towards  more  positive  values  of  potential  is  observed  as  we 
move  from  the  molybdenum  to  the  glassy  carbon  and  then  further  to  the  graphite  electrode. 
Usually  such  behavior  takes  place  when  adsorption/compound  formation  is  involved  in  the 
reduction  process.  So  the  shape  and  parameters  of  the  voltammetric  curves  presented  may  be 
evidence  that  adsorption  in  the  case  of  glassy  carbon  and  adsorption/intercalation  in  the  case  of 
graphite  electrode  play  an  important  role  in  the  reduction  process  of  sodium. 

From  the  comparison  of  Fig-s  18-22,  one  can  conclude  that  the  rates  of  the  three  competitive 
processes  can  be  presented  in  the  following  order: 

i.  the  fastest  is  the  diffusion  of  Na  into  NaCl,  probably  due  to  the  special  electron-jump 
mechanism; 

ii.  adsorption  of  Na  on  the  carbon  sites  has  an  intermediate  rate; 

iii.  the  slowest  is  the  diffusion  of  sodium  into  graphite  with  the  formation  of  the  intercalation 
compound. 

The  reversibility  parameter  Rev  calculated  for  the  voltammograms  taken  in  the  lithium 
chloride  melt  on  the  3  electrodes  is  shown  in  Figs.  23-25.  The  following  conclusions  can  be 
made: 

i.  in  the  case  of  the  steel  electrode  parameter  Rev  has  a  value  of  65-75%  at  a  polarization 
rate  of  20  V/s.  However,  at  lower  polari2ation  rates  the  value  of  reversibility  depends 
strongly  on  the  break  potential.  Thus,  for  -2.0  V  we  have  Rev  =  15.89  %,  while  for  -2.2 
V  the  value  of  reversibility  is  78.81  %.  Further  experiments  are  needed  to  understand  this 
phenomenon; 

ii.  for  the  glassy  carbon  electrode  we  have  the  value  of  parameter  Rev  of  around  55  %  at  a 
polarization  rate  of  20  V/s,  while  at  0.03  V/s  the  reversibility  of  lithium  reduction  is  75- 
85  %.  This  phenomenon  can  be  explained  in  terms  of  adsorption  of  lithium  atoms  to  the 
electrode  surface  with  the  formation  of  a  LiCx  surface  compound,  i.e.  it  is  similar  to  what 
was  observed  in  the  case  of  sodium,  which  is  supported  by  the  presence  of  broad  anodic 
peaks  in  the  voltammograms; 

iii.  for  the  graphite  cathode  parameter  Rev  for  the  majority  of  curves  is  80-90%,  which  is 
higher  than  for  the  glassy  carbon  electrode,  and  can  be  explained  by  a  higher  stabilizing 
ability  of  graphite  for  lithium,  compared  to  glassy  carbon,  i.e.  in  the  same  manner  as  it 
was  done  for  sodium.  Unlike  in  the  case  of  sodium,  there  is  no  “drop”  in  reversibility  at 
low  polarization  rates  (that  is,  below  3  V/s).  We  explain  this  by  the  fact  that  lithium  has  a 
significantly  smaller  atomic  radius  than  sodium  (1.55  A  for  lithium  and  1.89  A  for 
sodium,  respectively).  Lithium  atoms  intercalated  between  the  graphite  planes  (the 
distance  between  the  latter  is  3.35  A)  can  freely  move  back  out  of  graphite  and  be 
oxidized  electrochemically  when  electrode  polarization  is  reversed.  However,  sodium 
atoms  once  intercalated  cannot  come  out  easily  from  the  graphite  structure.  As  it  was 
pointed  out  above,  the  more  metal  deposited  on  the  electrode  is  oxidized  back 
electrochemically,  the  higher  the  reversibility  of  the  process  is.  So  more  lithium  is 
oxidized  in  the  anodic  cycle  of  the  voltammograms  compared  to  sodium,  which  gives  rise 
to  the  values  of  reversibility  at  polarization  rates  below  3  V/s. 

In  the  future,  we  are  going  to  develop  a  quantitative  model  of  the  processes  described  above, 
and  thus  to  quantify  the  rates  of  diffusion  and  adsorption/desorption  of  Na  and  Li,  including  the 
rate  of  their  intercalation  into  graphite.  Although  qualitatively,  but  we  were  able  to  ‘catch’  the 
fingerprint  of  sodium  and  lithium  intercalation  into  graphite  in  the  figures  shown  in  this  section 


(especially  in  Fig.  22  in  its  low  polarization  rate  part),  which,  as  commonly  accepted,  is  the  first 
and  the  key  step  of  carbon  nano-tube  formation. 
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Fig.  18.  Reversibility  parameter  Rev  as  a  function  of  polarization  rate  (semi-logarithmic  scale)  at 
different  break  potentials  (Reference  electrode  -  Mo)  measured  on  a  Mo  electrode  in  pure  NaCl 

at  850'*C. 
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Fig.  19.  Reversibility  parameter  Rev  as  a  function  of  polarization  rate  (semi-logarithmic  scale)  at 
different  break  potentials  (Reference  electrode  -  Mo)  measured  on  a  GC  electrode  in  pure  NaCl 

at  850“C. 
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Fig.  20.  Reversibility  parameter  Rev  as  a  function  of  polarization  rate  (semi-logarithmic  scale)  at 
different  break  potentials  (Reference  electrode  -  Mo)  measured  on  a  graphite  electrode  in  pure 

NaCl  at  850°C. 


Fig.  21 .  The  difference  of  reversibility  parameters  Rev  between  GC  and  Mo  working  electrodes 

(i.e.  difference  of  Fig-s.  19  and  18). 


Fig.  22.  The  difference  of  reversibility  parameters  Rev  between  graphite  (Gr)  and  GC  working 
electrodes  (i.e.  difference  of  Fig-s.  20  and  19). 

Fig.  23.  Reversibility  parameter  Rev  as  a  function  of  polarization  rate  (semi-logarithmic  scale)  at 
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Fig.  24.  Reversibility  parameter  Rev  as  a  function  of  polarization  rate  (semi-logarithmic  scale)  at 
different  break  potentials  (Reference  electrode  -  glassy  carbon)  measured  on  a  glassy  carbon 

electrode  in  pure  LiCl  at  700°C. 
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Fig.  25.  Reversibility  parameter  Rev  as  a  function  of  polarization  rate  (semi-logarithmic  scale)  at 
different  break  potentials  (Reference  electrode  -  glassy  carbon)  measured  on  a  graphite  electrode 

in  pure  LiCl  at  700°C. 


Chapter  2.  Electrolysis  experiments  with  the  aim  to  produce  carbon  nano-  and  micro-tubes 


The  goal  of  this  part  of  the  work  is  to  ‘go  straight  ahead’,  performing  electrolysis  experiments 
under  different  conditions  and  to  analyze  the  product,  mainly  from  the  point  of  view  of  the 
carbon  tubes  formed,  in  the  nanometer-micrometer  interval  of  their  diameter. 


2.1.  Experimental 

2.1.1.  Procedure 

Several  types  of  electrolytes  were  used  to  produce  carbon  nano/micro-tubes:  pure  CaCh, 
CaCl2-MgCl2(l  mol.  %),  NaCl-MgCl2(5  mol.  %),  NaCl-KCl-MgCl2(5  mol.  %).  The  salts  were 
dried  in  an  electric  furnace  under  vacuum  at  120°C  for  40  hours.  The  electrolyte  was  then  melted 
in  a  glassy  carbon  crucible  under  pure,  dry  argon  atmosphere.  The  working  temperature  for  all 
the  electrolytes  used  was  850°C.  A  graphite  cathode  and  glassy  carbon  reference  electrode  were 
immersed  into  the  melt  and  it  was  electrolyzed  at  -1.9  V  for  15  min.  (CaCh),  at  -1.4  V  for  15 
min.  (CaCb-MgCb),  at  -1.1  V  for  10  min.  (NaCl-MgCU),  and  at  -1.3  V  for  15  min.  (NaCl-KCl- 
MgCh).  All  the  potentials  were  measured  versus  the  potential  of  the  glassy  carbon  reference 
electrode.  For  the  three  magnesium-containing  melts,  the  electrolysis  potential  was  chosen  so 
that  only  magnesium  was  deposited  on  the  cathode. 

Pure  lithium  chloride  was  used  as  well  to  obtain  carbon  nano-tubes.  The  salt  was  carefully 
dried  in  vacuum  at  120°C  for  40  h.  Then  the  temperature  was  raised  up  to  500°C  and  the  system 
was  kept  at  these  conditions  for  an  hour  being  flushed  periodically  with  pure  dry  argon.  The 
same  procedure  was  repeated  at  600°C.  After  that  the  system  was  filled  with  argon  and  heated  up 
to  700°C.  Two  different  electrolysis  experiments  have  been  performed  in  the  LiCl  melt.  In 
experiment  1,  eighty-one  voltammetric  curves  were  taken  fist  to  study  the  mechanism  of  lithium 
reduction  using  graphite  working  and  glassy  carbon  reference  electrode  (see  Chapter  1  for 
details).  After  that  we  performed  electrolysis  at  a  constant  current  of  900  mA  for  20  min.  using 
the  same  working  electrode  and  recording  changes  of  the  electrode  potential  in  time.  In 
experiment  2  the  electrolysis  at  the  same  conditions  (900  mA/20  min.)  was  started  right  after  the 
salt  was  melted. 

As  a  result,  the  originally  white  salts  turned  into  gray.  After  cooling  the  system  to  room 
temperature,  the  carbonaceous  material  was  carefully  separated  from  the  frozen  salt  and  analyzed 
by  Scanning  Electron  Microscopy  (SEM)  and  Atomic  Force  Microscopy  (AFM).  Carbon 
nano/micro-structures  with  various  diameters,  lengths  and  shapes  have  been  found  in  the 
electrolyte  as  well  as  on  the  cathode  surface. 


2.1.2.  Sample  preparation 

Two  different  techniques  were  used  for  the  preparation  of  samples  for  the  analysis. 

The  CaCl2,  CaCl2-MgCl2(l  mol.  %)  and  LiCl  samples  after  cooling  down  were  dissolved  in 
hot  distilled  water.  The  carbon  containing  compounds  were  extracted  with  toluene  and  sonicated 
in  acetone  for  10  minutes.  Activated  in  HF  and  3-aminopropyl-methil-diethoxi-silane  silicon 
single  crystal  chips  were  sonicated  in  the  dispersions  to  produce  samples  for  AFM. 

To  prepare  the  NaCl-MgCl2(5  mol.  %)  and  NaCl-KCl-MgCl2(5  mol.  %)  samples,  a  dialysis- 
based  cleaning  method  was  performed.  Schematic  view  of  the  cleaning  setup  is  shown  in  Fig.  15. 


11. 


iii. 


Fig.  15.  Schematic  view  of  the  cleaning  setup, 
i.-membrane,  ii.-inner  diffusion  space,  iii.-outer  diffusion  space, 
iv. -vessel,  v. -solidified  salt  to  be  cleaned. 

The  solidified  sample  was  placed  in  the  inner  diffusion  space  with  a  membrane,  and  the 
system  was  filled  with  distilled  water.  The  water  in  the  outer  zone  was  changed  every  day  until 
the  concentration  of  Na’^-ions  was  close  to  zero.  Fig.  16  shows  the  concentration  dependence  of 
Na"^  on  time  (measured  by  flame  photometry  method). 


Fig.  16.  Concentration  of  Na^  as  a  function  of  time  during  the  cleaning  period. 


After  that  small  parts  of  the  suspension  (1-1.5  ml  in  volume)  were  mixed  with  6-8  ml  of 
hydrochloric  acid,  acetone,  toluene  and  distilled  water  respectively,  and  then  the  four  mixtures 
were  treated  by  ultrasound  for  6»15  min.  After  that  a  small  “drop”  was  taken  from  the  sediment 
and  put  onto  an  aluminum  plate,  dried  and  covered  with  a  gold  layer. 


2.2.  Results  and  discussion 

AFM  images  of  a  tube-like  structure  found  in  the  CaCl2-MgCl2(l  mol.  %)  sample  with  the 
results  of  cross-section  analysis  are  shown  in  Fig.  1 7  through  20.  It  can  be  seen  that  this  structure 
is  1000-1 100  nm  long  and  3.5-4  nm  in  diameter. 

SEM  image  of  a  carbon  micro-tube  found  in  the  NaCl-MgCl2(5  mol.  %)  sample  is  presented 
in  Fig.  21.  One  can  see  that  the  diameter  of  the  tube  in  Fig.  21  is  about  1  pm.  Unfortunately,  it  is 
impossible  to  evaluate  the  tube  length  because  only  a  part  of  it  is  visible. 

SEM  image  of  the  cathode  surface  after  electrolysis  in  the  NaCl-KCl-MgCl2(5  mol.  %)  melt  is 
shown  in  Fig.  22.  A  tube-like  structure  with  a  diameter  of  about  0.5  pm  and  2  pm  long  can  be 
seen  at  the  center  of  the  image.  The  results  of  EDAX  ZAF  elemental  analysis  show  that  it  is 
almost  pure  carbon  (Table  1). 


It  was  mentioned  above  that,  according  to  our  present  understanding,  nano/micro-tubes  are 
formed  in  the  bulk  of  the  melt  from  the  graphite  plates  ablated  by  alkali  or  alkaline  earth  metal 
atoms  intercalating  into  the  graphite  stmcture.  The  image  in  Fig.  22  may  be  evidence  that  tube 
formation  can  take  place  on  the  cathode  surface  as  well.  We  think  that  “partial”  ablation  of 
graphite  plates  when  only  part  of  the  plate  is  off  the  electrode  surface  may  also  occur.  When  the 
dimensions  of  such  a  plate  are  big  enough  for  it  to  bend,  a  tube-like  structure  is  formed. 


Fig.  17.  AFM  image  of  a  tube-like  structure  with  a  cross-section  obtained  in  the 

CaCh-MgCh  sample. 


Fig.  18.  Results  of  analysis  of  the  cross-section  in  the  AFM  image  shown  above. 


Fig.  19.  AFM  image  of  the  tube-like  structure  with  another  cross-section  obtained  in  the  CaCU- 

MgCh  sample. 
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Fig.  20.  Results  of  analysis  of  the  cross-section  in  the  AFM  image  shown  above. 


Fig.  21 .  SEM  image  of  a  carbon  micro-tube  with  a  diameter  of  about  1  ^m  for  the  case  of  the 
NaCl-MgCl2(5  mol.  %)  molten  system.  The  tube  was  found  in  the  frozen  electrolyte. 


Fig.  22.  SEM  image  of  a  carbon  micro-tube  grown  on  the  cathode  surface  in  the  case  of  the 

NaCl-KCl-MgCl2(5  mol.  %)  melt. 


Table  1.  EDAX  ZAF  Quantification  (Standardless) 
Element  Normalized 


Element 

Wt.  % 

At.  % 

CK 

96.13 

98.78 

MgK 

0.53 

C\K 

0.53 

0.19 

FeX 

0.51 

Total 

100.00 

The  potential  -  time  curves  for  the  electrolysis  experiments  in  the  LiCl  melt  are  shown  in 
Figs.  23,  24.  One  can  see  that  there  are  sharp  and  rather  random  changes  of  the  electrode 
potential  in  curve  1  and  in  the  beginning  of  curve  2,  which  can  be  evidence  that  ablation  of 
graphite  planes  leading  to  changes  in  the  electrode  surface  takes  place.  The  electrolysis  in 
experiment  2  was  interrupted  in  the  18*  minute  due  to  overpotential  (the  value  of  electrode 
potential  went  beyond  -15  V  allowed  by  the  potentiostat).  It  could  happen  if  the  electrode 
material  (graphite)  being  in  the  electrolyte  and  at  the  electrolyte/gas  interface  eroded  completely 
causing  the  electric  circuit  to  break,  which  is  confirmed  by  almost  twofold  decrease  in  the 
electrode  mass  (from  0.2209  g  to  0.1348  g). 

SEM  images  taken  from  the  samples  obtained  in  the  two  experiments  with  lithium  chloride 
are  shown  in  Figs.  25-27.  It  should  be  pointed  out  that  in  this  case  no  tubes  or  tube-like 
structures  were  found  on  the  electrode  surface  but  in  the  solidified  electrolyte.  It  can  be  seen  that 
the  diameter  of  tubes  in  Fig.  25  (experiment  1)  is  around  50  nm,  while  in  Figs.  26-27 
(experiment  2)  it  is  about  150  nm.  We  mentioned  above  that  in  experiment  1  the  electrolysis 
began  after  taking  a  large  number  of  voltammograms,  so  the  electrolyte  could  be  saturated  with 
lithium  metal  (or  at  least  contain  a  certain  amount  of  it)  prior  to  the  electrolysis  and  lithium  metal 
influenced  the  tubes  diameter.  However,  further  experiments  are  needed  to  clarify  if  alkali  metal 
(Li,  Na)  dissolved  in  its  chloride  has  any  influence  on  the  tube  diameter.  As  it  was  in  the  case  of 
the  NaCl-MgCl2(5  mol.  %)  sample,  it  is  impossible  to  evaluate  the  tube  length  because  the  tubes 


are  twisted  and  visible  only  partly.  According  to  EDAX  ZAF  elemental  analysis,  the  tubes  are 
composed  mainly  of  carbon  and  contain  some  undissolved  salt. 

The  two  samples  were  analyzed  by  the  AFM  method  as  well  but  no  tubes  with  diameters 
below  50  nm  were  found. 

It  is  still  unclear  how  the  electrolyte  chemistry  and  electrolysis  parameters  influence  the 
dimensions  of  the  tubes  formed.  On  the  other  hand,  the  mechanism  of  tubes  formation  is  far  from 
being  fully  studied  and  understood.  So  further  work,  both  concerning  fundamental  and  applied 
aspects  of  nano/micro-tubes  formation,  is  needed  in  order  to  find  electrolyte  compositions  as 
well  as  electrolysis  conditions  optimal  for  the  tubes  production. 


Fig.  23.  Chronopotentiogram  of  the  electrolysis  experiment  1  in  the  LiCl  melt.  Current  -  900 

mA,  time  -  20  min.,  T=  973  K. 


Time,  sec. 

Fig.  24.  Chronopotentiogram  of  the  electrolysis  experiment  2  in  the  LiCl  melt.  Current  -  900 

mA,  time  (planned)  -  20  min.,  T=  973  K. 


(experiment  1).  The  tubes  were  found  in  the  bulk  of  the  electrolyte. 


Fig.  26.  SEM  image  of  a  bunch  of  nano-tubes  obtained  in  the  LiCl  melt  (experiment  2).  The 
tubes  were  found  in  the  bulk  of  the  electrolyte. 


Fig.  27.  SEM  image  of  a  nano-tube  with  a  diameter  of  about  150  nm  obtained  in  the  LiCl  melt 
(experiment  2).  The  tube  was  found  in  the  bulk  of  the  electrolyte. 


